The potential risk of recurrence and progression in patients with non-muscle-invasive bladder cancer necessitates followup by cystoscopy. The risk of progression to muscle-invasive bladder cancer is estimated based on the European Organisation of Research and Treatment of Cancer score, a combination of several clinicopathological variables. However, pathological assessment is not objective and reproducibility is insufficient. The use of molecular markers could contribute to the estimation of tumor aggressiveness. We recently demonstrated that methylation of GATA2, TBX2, TBX3, and ZIC4 genes could predict progression in Ta tumors. In this study, we aimed to validate the markers in a large patient set using DNA from formalin-fixed and paraffin-embedded tissue. PALGA: the Dutch Pathology Registry was used for patient selection. We included 192 patients with pTaG1/2 bladder cancer of whom 77 experienced progression. Methylation analysis was performed and log-rank analysis was used to calculate the predictive value of each methylation marker for developing progression over time. This analysis showed better progression-free survival in patients with low methylation rates compared with the patients with high methylation rates for all markers (Po0.001) during a followup of ten-years. The combined predictive effect of the methylation markers was analyzed with the Coxregression method. In this analysis, TBX2, TBX3, and ZIC4 were independent predictors of progression. On the basis of methylation status of TBX2 and TBX3, patients were divided into three new molecular grade groups. Survival analysis showed that only 8% of patients in the low molecular grade group progressed within 5 years. This was 29 and 63% for the intermediate-and high-molecular grade groups. In conclusion, this new moleculargrade based on the combination of TBX2 and TBX3 methylation is an excellent marker for predicting progression to muscle-invasive bladder cancer in patients with primary pTaG1/2 bladder cancer.
Bladder cancer is the fifth most common malignancy in the western world and presents a significant health problem. 1 Clinically, 75-80% of bladder tumors are diagnosed as non-muscle-invasive disease (Ta, T1, and Tis), while the remaining part is muscle invasive (T2-T4). Ta tumors represent the largest group of non-muscle-invasive disease, accounting for B70%. 2 These tumors are limited to the urothelial layer and are treated by transurethral resection. Overall, prognosis of these patients is favorable, especially for patients with G1/G2 disease. Although, high recurrence rates are observed, progression rates in patients with primary pTaG1/2 bladder cancer remain limited, ranging from 1% to6%. 3, 4 Yet, due to the high mortality rates associated with muscle-invasive bladder cancer, a life-long followup by cystoscopy is required. Cystoscopy is an expensive and invasive procedure, causing pain and discomfort to the patient. 5 The long survival of non-muscle-invasive bladder cancer patients makes bladder cancer one of the most costliest cancers. 6 Costs and patient burden could be reduced by lowering the number of cystoscopies in patients with pTaG1/2 disease. Hence, correct risk stratification is necessary in order to safely adjust the surveillance protocol.
Currently, the risk of progression is highly based on the pathological review. Yet, the reproducibility of pathology is modest and this may result in unwanted variations in patient management. 2, [7] [8] [9] Therefore, many studies have been performed investigating new prognostic markers for the prediction of progression. [10] [11] [12] Nevertheless, there are still no accurate biomarkers available to predict progression in this large subgroup of patients.
Epigenetic aberrations, such as DNA hypermethylation, have an important role in the formation of many carcinomas and may serve as a cancer biomarker in the prediction of disease progression. [13] [14] [15] Recently, Kandimalla et al. 16 studied genome-wide hypermethylation of CpG islands in association with tumor progression. They investigated 238 unique CpG islands in pTaG1/2 tumors with and without disease progression, ie progression to muscle-invasive disease, metastasis or dead of disease. Four different CpG islands were selected, that were significantly associated with tumor progression, ie GATA2, TBX2, TBX3, ZIC4. In this study, the aim was to validate the clinical relevance of these four selected markers in a large set of patients with pTaG1/2 bladder cancer with and without progression.
Materials and methods

Patient and Tissue Collection
Patients with primary pTaG1/G2 bladder cancer were included. The nationwide network and registry of histopathology and cytopathology in The Netherlands (PALGA) 17 was searched for patients with progression of disease after resection of a primary pTaG1/G2 tumor and the tissue block and patient data were requested from the indicated pathology archives. Tumor tissue was used according to the code of secondary use of human tissue (www.federa.org). Progression was defined as progression to muscle-invasive disease, metastases or dead of disease. Patients with pTaG1/G2 disease without progression were retrieved from our own pathology archive. All available cases were reevaluated by an expert uropathologist (GvL).
DNA Isolation and Methylation Analysis
Formalin-fixed paraffin-embedded tumor tissue was manually dissected from 20 mm tissue sections based on an accompanying HE-stained section. Tumor tissues were dewaxed with xylene and ethanol. DNA was extracted using the QIAamp mini and Blood kit (Qiagen) according to manufacturer's protocol.
Methylation analysis of GATA2, TBX2, TBX3, and ZIC4 was performed using the EZ DNA MethylationGold Kit (Zymo Research Corporation, Irvine, CA, USA) according to the manufacturer's protocol. As described by Kandimalla et al., 16 DNA was treated with sodium bisulfite, followed by a bisulfitespecific PCR for the four regions of interest. For each PCR reaction a DNA input of 10 ng and a PCR primer concentration of 20 pM was required. After PCR, a SNaPshot analysis was performed, using probes that annealed to the PCR product adjacent to the cytosine of interest. Probes were extended with a labeled dideoxynucleotide and the products were analyzed on an automatic sequencer (ABI PRISM 3100 Genetic Analyzer, Applied Biosystems), with the label indicating the presence or absence of a methylated cytosine. Primers and probes are given in Table 1 . For each gene, the methylation percentage was calculated by dividing the height of the methylated peak by the sum of the height of the methylated and unmethylated peaks multiplied by 100%. 16 
Statistical Analysis
Statistical analyses were completed using the IBM SPSS statistics 20. To determine relationships between different variables w 2 test was used. Survival was estimated according to the Kaplan-Meier method and compared using log-rank tests. Multivariate Cox-regression analysis with backward elimination was used to calculate the independent prognostic value of the methylation markers. P-values o0.05 were considered statistically significant.
Results
Patients and Tumor Characteristics
A total of 192 patients with primary pTaG1/G2 bladder cancer were included in this study. There were 115 patients without progression with a median followup of 84 months. 77 patients had progression of disease with a median time to progression of 38 months. Of these, 66/77 (86%) patients developed progression within 10 years. Patient and tumor characteristics are depicted in Table 2 . Male:female ratio in both groups was 3:1.
Overall, primary tumors of the progressors were higher grade (G2) compared with the primary tumors of the non-progressors, 70% vs 42%, respectively (Po0.001). Seven patients were originally graded as low grade according the WHO2004 grading system. These seven patients were excluded in multivariate Cox-regression analysis.
Validation of the Prognostic Markers for Prediction of Progression
Tumor DNA was analyzed for methylation of GATA2, TBX2, TBX3, and ZIC4. Methylation analysis failed in 41/768 (5%), ie GATA2 n ¼ 0, TBX2 n ¼ 20, TBX3 n ¼ 14, and ZIC4 n ¼ 7. The efficacy of each gene was determined by calculating the area under the receiver-operating curve. The area under the curve for GATA2 was 0.803, TBX2 0.644, TBX3 0.785, and ZIC4 0.692. A methylation percentage cut-off was selected with the best combination of sensitivity and specificity for each individual marker ( Figure 1 ). Cut-off values, sensitivity, and specificity are given in Table 3 . To determine the predictive value of the methylation markers for developing progression over time, log-rank analysis was performed based on a follow-up period of 10 years. 66/77 (86%) of the progressors developed disease progression within 10 years of followup. Figure 2 shows the resulting survival graphs for grade and the four methylation markers. Patients with a G1 tumor or low methylation of TBX2, TBX3, GATA2, and ZIC4 had a significantly better progression-free survival, Po0.001 (Figure 2 ). In order to calculate the combined effect of the methylation markers for predicting progression over time, multivariate Cox-regression analysis with backward elimination was performed. This analysis based on TBX2, TBX3, GATA2, and ZIC4 in combination with grade showed the clear-independent prognostic ability of TBX3 for the risk of progression within 10 years of follow-up time (Table 4 , multivariate analysis step #1). After removing GATA2 as predictor from the model TBX3 and TBX2 appeared the best predictors (multivariate analysis step #2).
On the basis of the methylation status of TBX2 and TBX3, a new molecular grading system was 
Reevaluation of the Pathological Review
All cases were reviewed by an expert uropathologist. Seventeen were not available. This reevaluation was not completely unbiased because the pathologist was aware that the series comprised many tumors that had progressed. Reassessment of the histological slides revealed a dissimilarity of 12% (21/175) in staging and of 54% (95/175) in revised grading by the WHO1973 system. 80/175 (45%) tumors were upgraded and 8% (15/175) of the tumors were downgraded. Furthermore, tumors of the progressors were higher graded and staged compared with the group of non-progressors, Po0.001 (Table 5) . Revised grade by the WHO2004-system showed more high-grade tumors in the progressor group (Po0.001). Log-rank analysis based on the revised WHO1973 grade revealed better progression-free survival in G1 vs G2 and G2 vs G3 (Supplementary Figure 1A; G1 vs G2 P ¼ 0.026, G1 vs G3 Po0.001, and G2 vs G3 Po0.001). WHO2004 grading also showed a worse progression-free survival for patients with a highgrade tumor compared with patients with a low grade or PUNLMP tumor (Supplementary Figure 1B; HG vs LG o0.001, LG vs PUNLMP P ¼ 0.534, and HG vs PUNLMP P ¼ 0.035). Next, we performed multivariate Cox-regression analyses with backward elimination to compare revised grade with the molecular markers. These results are depicted in the Supplementary Tables 1 and 2 . Compared with both grading systems, TBX3 and TBX2 remained the best predictors for progression.
Discussion
Although, most important predictors for disease progression in patients with non-muscle-invasive bladder cancer are stage, grade, and carcinoma in situ, 18 patients with primary low-stage and lowgrade bladder cancer still have a 1-6% chance of disease progression according the European Association of Urology guidelines. 3 In order to safely reduce the number of cystoscopies in patients with low grade non-muscle-invasive bladder cancer, risk prediction is necessary. Up to now, no sensitive markers are available to predict progression in this specific patient group. Recently, Kandimalla et al. 16 , proved the prognostic ability of the methylation markers TBX2, TBX3, GATA2, and ZIC4 using freshfrozen tumor tissue. 16 In this more extensive validation, these markers again proved to be highly sensitive for prediction of progression in low-grade pTa disease. Patients with low methylation percentages of TBX2, TBX3, GATA2, and ZIC4 showed better progression-free survival in univariate logrank analysis. Multivariate Cox-regression analysis showed an independent increased risk for progression in patients with high methylation ratios of TBX2, TBX3, and ZIC4. New molecular grading, based on the methylation status of TBX2 and TBX3, into three risk groups resulted in accurate prediction of progression risk, with better progression-free survival in patients in the low risk group and intermediate risk group. In addition, this validation was carried out on DNA isolated from formalin-fixed paraffin-embedded tissue. The four investigated genes, TBX2, TBX3, GATA2, and ZIC4, encode transcription factors that are important in the regulation of developmental processes and gene expression is more frequent in nonmuscle-invasive bladder cancer compared with muscle-invasive disease. 19, 20 This could be linked to our results in which aggressive tumors that progressed to muscle-invasive bladder cancer showed more methylation than the non-progressive tumors. Furthermore, the most significant markers, TBX2 and TBX3, downregulate the p53-pathway by inhibiting the expression of the ARF and CIP1 gene. 21 Mutation of the p53 gene is a common phenomenon in muscle-invasive bladder cancer. Methylation of TBX2 or TBX3 could be a different way to inhibit the p53-pathway. Therefore, we propose that methylation of TBX2 and TBX3 characterizes the more aggressive non-muscleinvasive bladder cancer, which are more similar to the muscle-invasive bladder cancer.
Multiple studies, previously reported the prognostic ability of methylation markers based on DNA isolated from formalin-fixed paraffin-embedded tisue. 22 Friedrich et al. 23 , found that methylation of TIMP3 was associated with a better progression-free survival in patients with pT1 and pTa tumors. Yan et al. 24 , showed that methylation of RUNX3 in combination with G3 increased the chance of disease progression. According to Yates et al. 15 , methylation of E-cadherin, TNFRSF25, EDNRB, RASSF1A, and APC were significantly associated with progressive disease. Yet, these studies all used a mixture of pT1 and pTa tumors. Our study specifically focused on patients with low-grade pTa disease. These patients have the lowest chance of developing progression and therefore, adjustment of the surveillance protocol will be most beneficial in this particular patient group.
The progression scores as recommended in the European Association of Urology guidelines are currently calculated according to the European Organisation of Research and Treatment of Cancer risk scores developed by Sylvester et al. 3 The pathological review has an important role in this prediction model. However, this pathological assessment highly depends on the experience of the pathologist and suffers from high-interobserver and -intraobserver variation. 8, 25 Upgrading and upstaging could increase the 5-year progression risk up to 45%-according to the European Organisation of Research and Treatment of Cancer risk calculator. This emphasizes the importance of accurate pathological assessment. This study again proved the high-interobserver variation with significant more high-grade tumors among the progressors after pathological reassessment. Yet, it should be emphasized that the pathological review could be biased. Although, the slides were blinded, the pathologist was aware of the fact that there was a high percentage of aggressive tumors in this study. Therefore, we decided to use the original pathological grade as inclusion criteria, as this is the diagnosis on which further treatment was based. Patient outcome is a result of this original review and the treatment choices made.
The use of molecular markers could facilitate the pathologist's estimation of tumor aggressiveness. A previous study by van Rhijn et al. 26 investigated the additional value of molecular markers to the pathological assessment. Molecular grading based on the combination of FGFR3 mutation status and MIB1 expression resulted in better risk prediction compared with conventional pathological grade. The addition of the methylation markers to FGFR3 and MIB1 might further increase the predictive accuracy. The methylation analysis is an easy test and could be performed in a standard laboratory. Furthermore, the SnapShot method proved to be highly reproducible. 27 A limitation of this study is the retrospective design. Because of the low incidence of progression in low-grade pTa disease a prospective study design is difficult to establish. Therefore, the distribution of patients is not representative for the clinical practice, since the actual percentage of patients with low-grade non-muscle-invasive bladder cancer and disease progression will be much lower in the clinical setting. However, the predictive risk ability of the methylation markers still holds after a second validation and therefore, we believe that these results could be translated to the clinic.
In conclusion, this study represents an independent validation of pTa-prognostic markers in a large set of patients. These markers proved again to be accurate risk predictors for progression in patients with primary low-grade pTa-bladder cancer. New molecular grading based on the methylation status of TBX2 and TBX3, resulted in sensitive risk prediction for progression. Determining DNA methylation is a highly reproducible method as we showed previously. 27 Hence these markers present a valuable tool for assessing risk of progression in patients presenting with TaG1/G2 tumors.
